This paper documents the predictive capability of rotating blade-resolved unsteady Reynolds averaged Navier-Stokes (URANS) and Improved Delayed Detached Eddy Simulation (IDDES) computations for tidal stream turbine performance and intermediate wake characteristics. Ansys/Fluent and OpenFOAM simulations are performed using mixed-cell, unstructured grids consisting of up to 11 million cells. The thrust, power and intermediate wake predictions compare reasonably well within 10% of the experimental data. For the wake predictions, OpenFOAM performs better than Ansys/Fluent, and IDDES better than URANS when the resolved turbulence is triggered. The primary limitation of the simulations is under prediction of the wake diffusion towards the turbine axis, which in return is related to the prediction of turbulence in the tip-vortex shear layer. The shear-layer involves anisotropic turbulent structures; thus, hybrid RANS/LES models, such as IDDES, are preferred over URANS. Unfortunately, IDDES fails to accurately predict the resolved turbulence in the near-wake region due to the modeled stress depletion issue.
Introduction
Hydroelectric power represents a clean and renewable source of energy that accounts for 16% of all electricity generated in the world [1] and is predominately produced by the impoundment of rivers. In contrast, hydrokinetic power, produced by naturally flowing water without impoundment such as river currents, ocean currents, and tidal streams, represents a largely untapped renewable energy source. The primary advantage of the hydrokinetic power is its predictability, as the energy in the tides can be accurately predicted well in advance [2] . While conventional, impounded hydropower is a well-understood technology, hydrokinetic power generation is an area of active research. Hydrokinetic research can be essentially divided into two principal domains: device performance [3] and wake recovery [4] .
Accurate wake modeling research is an essential part of tidal stream turbine (TST) farm design, and both experimental [2, 5, 6] and computational fluid dynamics (CFD) [7] [8] [9] studies have contributed to improving the understanding of wind/tidal stream turbine wake characteristics. The flow behind a wind/tidal stream turbine is typically sub-divided into three regions: (1) The near wake region (up to 1D), where D is the rotor diameter. The flow in this region primarily depends on the aerodynamic/hydrodynamic characteristics of the turbine blades. Research in this regime focuses on the performance and the physical process of power extraction [7, 10, 11] . (2) The far wake region a moving reference frame. Turbulence models assume a decomposition of the instantaneous velocity (u i ) into resolved (û i ) and turbulent/subgrid (u i ) components:
where velocities are defined in the Earth-fixed reference frame, and i = 1, 2 and 3 represent the x, y and z directions, respectively. Applying the filtering operation to the Navier-Stokes equations yields,
where,û i r =û i − ω × r is the relative velocity, ω = (ω x , 0, 0) is the turbine rotation vector, r is the radial location vector, andp is the dynamic pressure. The τ ij term on the right-hand side represents the turbulent stresses, where
Closure of the above governing equations require modeling for the turbulent stresses. The turbulent stresses are modeled based on the Boussinesq assumption for isotropic turbulence as,
where, ν T is the turbulent eddy viscosity andŜ ij is the rate-of-strain tensor. The different turbulence models vary in the definition of the turbulent eddy viscosity as discussed below.
Turbulence Modeling
URANS simulations were performed using the k-ω shear stress transport (SST) model [40] , where ω is the specific dissipation. Hybrid RANS/LES were performed DES and improved delayed DES (IDDES) models [41] . In DES, the modeled dissipation term is modified using a factor F HRL ,
where l T is the largest energy-containing turbulent length-scale, ∆ = (δV) 1/3 is the grid scale, δV is the local grid volume, and C DES = 0.65 is a model constant. For k-ω based models,
where, β * = 0.09. The F HRL calculation for IDDES builds on above formulation and is somewhat involved. Readers are referred to Spalart [41] for details. Note that F HRL = 1 represents a URANS region for C DES ∆ ≥ l T , i.e., when the grid is not sufficiently fine to resolve the turbulent fluctuations, whereas F HRL < 1 represents an LES region C DES ∆ < l T , i.e., when grid size is small enough to resolve the coherent turbulence structures. In this situation, the modeled dissipation is reduced to allow evolution of resolved turbulence. LES were performed using the monotonically integrated LES (MILES) [42] approach. MILES does not include any explicit turbulence modeling, and it is assumed that the numerical dissipation is of the same order of magnitude as that of subgrid scale dissipation. Our previous study [43] showed that Ansys/Fluent simulations using MILES perform better than explicit LES, as the latter is too dissipative because of the added turbulent viscosity. However, MILES is not expected to be accurate for the boundary layer predictions, as the grids employed here are too coarse in the boundary layer to resolve the length scales needed for LES.
Numerical Methods
Ansys/Fluent is a message passing interface (MPI) based finite-volume solver that provides a suite of numerical schemes [37] to simulate fluid dynamics problems. Transient simulations were performed using the pressure-based solver option, which is the typical predictor-corrector method with the pressure update based on a Poisson equation designed to produce mass conservation. Pressure-velocity coupling was performed using the Pressure-Implicit with Splitting of Operators (PISO) scheme. Unsteady terms were discretized using a 2 nd order implicit (three-point backward difference) scheme. The convective terms in the momentum equations were discretized using a 2 nd order upwind scheme for URANS and the 2 nd order bounded central difference scheme for IDDES and MILES as recommended by Adedoyin et al. [43] . 1 is an open-source MPI based finite volume CFD toolbox. In an earlier study, Robertson et al. [44] verified and validated OpenFOAM's numerical methods and turbulence models for incompressible, single phase bluff-body flows, which involved flow over a sphere, a backward facing step, and a sharp leading-edge delta wing. Robertson et al. determined that a 2 nd order implicit backward scheme was optimal for the time discretization; and a 2 nd -order linear upwind and blended 2 nd -order bounded central difference schemes are most efficient for URANS and DES simulations. Further, PIMPLE, a combination algorithm of PISO and Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) schemes, was recommended for pressure-velocity coupling.
Experimental Data
This study uses model-scale experimental data procured in a recirculating flume at the University of Liverpool [2, 8, 45] . The measurements focused on turbine performance, i.e., thrust (C T ) and power (C P ) coefficients, and intermediate (x/D = 1.5 to 7, where x is the streamwise direction) wake characteristics. A Baldor brushless AC servo-motor was used to measure the power generated via hydrodynamic loading. The thrust on the turbine was determined using a 50 kg strain gauge force block which had a measurement accuracy of about 1%. Velocity and turbulence measurements were collected using an Acoustic Doppler Velocimeter (ADV) with cylindrical sampling volume of 198 mm 3 (height of 7 mm and diameter of 6 mm). The statistical uncertainty in the velocity measurements were reported to be less than 1%. The experiments were performed using a model TST with a rotor diameter D = 0.5 m that could have up to six blades. The experiments were performed using a three-blade model for different pitch angles. The blade has a Wortmann FX 63-137 profile with a chord length of 0.03 m at the tip and 0.08 m at the root with a 35 • twist along the span of the blade. The turbine was supported from above using a cylindrical stanchion located 0.6 D behind the blades in a water depth of 0.8 m (1.6 D). The turbine axis was at a water depth of 0.425 m (or 0.85 D). Thus, in the transverse (y) direction, the tip of the turbine was 0.175 m (or 0.35 D) below the free-surface and 0.125 m (or 0.25 D) above the bottom wall. The test section had a spanwise (z) extent of 1.4 m (or 2.8 D); thus, the blade tip clearance was 0.45 m (or 0.9 D). The blockage ratio was approximately 16%.
Mason-Jones et al. [8] performed experiments using blade pitch angles of 3 • , 6 • and 9 • , and an incoming water velocity of U 0 = 1 m/s. The thrust, power and torque were measured for different blade rotation velocities from ω 0 = 11 rad/s (λ = ω 0 D/2U 0 = 2.7) to ω 0 = 28 rad/s (λ = 7). Morris [45] identified that the above data had a high level of scatter as: (1) there was an insufficient distance between the turbine rotation plane and the support stanchion; and (2) the coupling between the turbine and the motor coupling was located above the water surface. The experimental set-up was modified, and measurements were repeated for a blade pitch angle of 6 • and U 0 = 1 m/s. The thrust, power and torque were measured for ω 0 = 18 rad/s (λ = 4.4) to ω 0 = 28 rad/s (λ = 7). C P measurements from experiments [8] and [45] agreed well for λ = 4.4-5. However, data from [45] showed significantly higher C P for λ > 5. For C T , data from Morris [45] showed 5% higher values than Mason-Jones et al. [8] .
Tedds et al. [2] performed experiments using a blade pitch angle of 6 • for λ = 6.15, and an inflow velocity range of U 0 = = 0.5-1.5 m/s with a turbulence intensity (TI) of 2%. Note that the peak power output from the turbine is expected at λ P = 3.64 and freewheeling is expected at λ~7.4. Thus, measurements were performed for λ close to the freewheeling region. Morris et al. [46] reported that swirl in the wake reaches its maximum value at λ P and decreases both for lower and higher values of λ. Higher swirl is expected to enhance displacement, shear layer growth, flow entrainment, etc., of the wake [47] ; thus, the wake at λ = 6.15 is expected to be less complex than that at λ P . Wake measurements were performed for x/D = 1.5 to 7 that included: contours of streamwise, transverse and spanwise velocities in five transverse planes at y/D = 0, ± 0.25 and ± 0.5 (Figure 1b) ; u' and TKE profiles with respect to z/D in the plane at y/D = 0; maximum Reynolds stresses and TKE in the plane at y/D = 0, ±0.25 and ±0.5 planes; and a turbulence anisotropy map in the wake. 
This study uses model-scale experimental data procured in a recirculating flume at the University of Liverpool [2, 8, 45] . The measurements focused on turbine performance, i.e., thrust (CT) and power (CP) coefficients, and intermediate (x/D = 1.5 to 7, where x is the streamwise direction) wake characteristics. A Baldor brushless AC servo-motor was used to measure the power generated via hydrodynamic loading. The thrust on the turbine was determined using a 50 kg strain gauge force block which had a measurement accuracy of about 1%. Velocity and turbulence measurements were collected using an Acoustic Doppler Velocimeter (ADV) with cylindrical sampling volume of 198 mm 3 (height of 7 mm and diameter of 6 mm). The statistical uncertainty in the velocity measurements were reported to be less than 1%. The experiments were performed using a model TST with a rotor diameter D = 0.5 m that could have up to six blades. The experiments were performed using a threeblade model for different pitch angles. The blade has a Wortmann FX 63-137 profile with a chord length of 0.03 m at the tip and 0.08 m at the root with a 35° twist along the span of the blade. The turbine was supported from above using a cylindrical stanchion located 0.6 D behind the blades in a water depth of 0.8 m (1.6 D). The turbine axis was at a water depth of 0.425 m (or 0.85 D). Thus, in the transverse (y) direction, the tip of the turbine was 0.175 m (or 0.35 D) below the free-surface and 0.125 m (or 0.25 D) above the bottom wall. The test section had a spanwise (z) extent of 1.4 m (or 2.8 D); thus, the blade tip clearance was 0.45 m (or 0.9 D). The blockage ratio was approximately 16%.
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Simulations were performed for three-blade TST with blade pitch angle of 6 • for which the most comprehensive experimental data is available. The study primarily focuses on validation of Ansys/Fluent and OpenFOAM predictions for model-scale simulations for D = 0.5 m, U 0 = 0.892 m/s, TI = 2%, ω 0 = 21.932 rad/s, λ = 6.15 and a rotor diameter-based Reynolds number Re D = 4.5 × 10 5 (assuming water at T = 20 • C) corresponding to the experimental conditions reported in Tedds et al. [2] . Other supporting simulations were also performed to study the effect of: (a) frozen rotor and rotating blade-resolved turbine models; (b) grid resolution; (c) turbulence model; and (d) stanchion on wake recovery. For the turbulence modeling study, simulations were performed using k-ω SST URANS and IDDES models, and MILES. The details of the turbulence models are discussed in Section 2.1.
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Simulation Setup
Simulation Conditions
Simulations were performed for three-blade TST with blade pitch angle of 6° for which the most comprehensive experimental data is available. The study primarily focuses on validation of Ansys/Fluent and OpenFOAM predictions for model-scale simulations for D = 0.5 m, U0 = 0.892 m/s, TI = 2%, ω0 = 21.932 rad/s, λ = 6.15 and a rotor diameter-based Reynolds number ReD = 4.5 × 10 5 (assuming water at T = 20 °C) corresponding to the experimental conditions reported in Tedds et al. [2] . Other supporting simulations were also performed to study the effect of: (a) frozen rotor and rotating blade-resolved turbine models; (b) grid resolution; (c) turbulence model; and (d) stanchion on wake recovery. For the turbulence modeling study, simulations were performed using k-ω SST URANS and IDDES models, and MILES. The details of the turbulence models are discussed in Section 2.1.
Domains and Grids
In all the computations, the domain consisted of two blocks-a hexahedron outer block and a cylindrical blade assembly block with the turbine center located at the origin (x = 0, y = 0 and z = 0) as shown in Figure 2 , because the former has higher turbulence levels. Note that shows a sudden jump at the grid refinement interface, as the grid is much coarser on the downstream side than the upstream side. Simulations for the TST without (w/o) stanchion were performed using a 7 M grid, which was designed to have similar intermediate wake grid resolution as the fine grid. The grid for OpenFOAM simulations was generated based on the experience gained from the Ansys/Fluent simulations. A refinement block was used up to x/D = 9.8 and the grid spacing in the intermediate wake region was maintained to be similar to that of the Ansys/Fluent fine grid, as shown in Figure 3b . Thus, it is expected that the grid is sufficiently fine to activate LES in the intermediate wake region. In addition, a finer grid was used in the boundary layer such that averaged y + = 4.5 on the blades. The size of the grid was somewhat larger than that used in the Ansys/Fluent simulations and consisted of 11 M cells.
Boundary Conditions
Prism cells and at the sliding mesh interface. The fine grid was obtained by adaptively refining the medium grid in high vorticity regions, which resulted in grid refinement in the tip vortex region. The near-wall grid resolution was estimated to be y + = 42. The cross-sectional view of the grid is shown in Figure 3a . The fine grid shows ratio of grid scale (∆) and turbulence length scales ( ), F HRL = ∆/ < 0.4 for most of the intermediate wake region. Thus, these grids are sufficiently fine in this region for LES. Note that the values of F HRL are smaller in the region around x/D = [6, 7] than those around x/D = [1,3], because the former has higher turbulence levels. Note that F HRL shows a sudden jump at the grid refinement interface, as the grid is much coarser on the downstream side than the upstream side. Simulations for the TST without (w/o) stanchion were performed using a 7 M grid, which was designed to have similar intermediate wake grid resolution as the fine grid.
The grid for OpenFOAM simulations was generated based on the experience gained from the Ansys/Fluent simulations. A refinement block was used up to x/D = 9.8 and the grid spacing in the intermediate wake region was maintained to be similar to that of the Ansys/Fluent fine grid, as shown in Figure 3b . Thus, it is expected that the grid is sufficiently fine to activate LES in the intermediate wake region. In addition, a finer grid was used in the boundary layer such that averaged y + = 4.5 on the blades. The size of the grid was somewhat larger than that used in the Ansys/Fluent simulations and consisted of 11 M cells.
A Dirichlet boundary condition was used for the velocity and Neumann boundary condition was used for the pressure at the inlet. For URANS, a steady inflow velocity and turbulence parameter adjusted to produce the appropriate TI were specified. For IDDES and MILES the mean inflow velocity was superimposed with random phase fluctuations with magnitudes corresponding to the appropriate TI. Tedds et al. [2] reported that, in the experiment, a uniform velocity profile was maintained upstream of the rotor. However, in the simulations a boundary layer develops on both the bottom and side walls, which causes the flow to accelerate due to the resulting blockage effect. Initial tests showed that boundary layer thickness grew to about 0.03 D both from the side and bottom wall and the velocity upstream of the rotor increased by 2% (as demonstrated in Figure 4 ). The inflow velocity was adjusted to 0.98 U 0 to maintain similarity with the experimental conditions. A fixed pressure boundary condition was used at the outlet. A wall-function boundary condition was used both for the turbine and stanchion, and the bottom and side boundaries.
The free surface was neglected, and a zero-gradient slip boundary condition was used for the top boundary. A sliding interface was used to transfer information between the rotating turbine assembly domain and the static outer domain. The flow in the outer domain is solved in an Earth-fixed inertial reference frame, i.e., ω x = 0 in Equation (2b). The flow in the turbine assembly domain was solved in an Earth-fixed inertial reference frame with a physical rotation of ω x = ω 0 . J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 8 of 23
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Solution Parameters and High Performance Computing
For Ansys/Fluent simulations, the time-step size was chosen to maintain CFL < 5, which resulted in 500 time-steps per TST revolution. OpenFOAM simulations required a smaller time step, i.e., CFL < 2, for stability. In addition, OpenFOAM is more sensitive to grid topology than Ansys/Fluent and 
For Ansys/Fluent simulations, the time-step size was chosen to maintain CFL < 5, which resulted in 500 time-steps per TST revolution. OpenFOAM simulations required a smaller time step, i.e., CFL < 2, for stability. In addition, OpenFOAM is more sensitive to grid topology than Ansys/Fluent and requires meshes with non-orthogonality (angle between the line connecting cell centers and face normal vector) less than 65 • to avoid instability in the pressure solution [44] . Highly non-orthogonal grids usually appear in the corners (at the intersection of the pin and the blade and/or hub) and were avoided by using a smaller near-wall grid spacing, as discussed in Section 4.2. The combination of the lower CFL and smaller near-wall grid resolution restrictions in OpenFOAM resulted in a six times smaller time-step size than Ansys/Fluent, i.e., around 3000 time-steps per TST revolution. However, the authors recent experience suggests that OpenFOAM simulations on hexahedral grids allow higher CFLs (3-4 times larger time step size).
Ansys/Fluent simulations were performed on 48 processors for 160 blade rotations, and the results over the last 100 blade rotations were averaged to obtain the mean flow field. OpenFOAM simulations were run on 60 processors for 120 blade rotations and averaging over last 60 blade rotations was found to be sufficient to obtain the mean flow field. This is because of the use of the smaller time step size, which resulted in an averaging over about 3.5 times more timesteps. The Ansys/Fluent simulations, on average, took 40 s of wall clock time for each time-step, which corresponded to around 43 k CPU-hours per case. The OpenFOAM simulations on average took 11 s of CPU time for each time-step, which corresponded to around 58 K CPU-hours per case.
Results and Discussions
Both frozen rotor and rotating blade-resolved turbine models predicted similar C T and C P . The former predicted frozen blade tip vortices, resulting in a static flow in the outer domain. The frozen rotor simulations predicted with some accuracy the wake recovery. However, both simulations failed to accurately capture the interaction of the unsteady tip vortices and associated turbulent characteristics resulting in slower diffusion and recovery of the wake compared to the rotating blade-resolved simulations. Overall, the frozen rotor method cannot render swirl in the wake and is not recommended for such studies.
Among the different turbulence models, URANS predicted a steady flow, whereas DES, IDDES and MILES predicted unsteady flows. Both URANS and DES models provided very similar thrust, power and intermediate wake predictions. Further, DES and IDDES provided very similar thrust and power predictions. However, IDDES was selected for the validation study as it provides several fixes for the DES modeling limitations, such as grid-induced separation and the log-layer mismatch [41] . IDDES predicted resolved TKE levels of < 5% of the total TKE on the coarse grid. The resolved TKE level increased with grid refinement. On the fine grid the resolved TKE levels were~30% and~60% of the total TKE up to x/D = 5 and x/D >5, respectively. MILES predicted resolved turbulent structures similar to those predicted by IDDES for x/D > 5. The wake predictions improved significantly when grid was refined from the coarse to the medium grid, but the results improved only marginally between the medium and the fine grid. The fine grid provided the best Ansys/Fluent result for all turbulence models and is used for validation. Readers are referred to Salunkhe [39] for detailed discussions of the turbine modeling, turbulence models, and grid resolution analysis.
Thrust and Power Predictions
The mean C P and C T predictions, including contributions from the pressure and viscous components, are reported in Table 1 . For C T , Ansys/Fluent predictions compare within 1% of the experimental data, whereas the OpenFOAM under predicts the values by about 7.5%. For C P , Ansys/Fluent is over predictive, whereas OpenFOAM is under predictive, and both show similar error levels of approximately 10 to 15%. The best results are obtained using MILES for which the results agree within 3.5% of the experimental data. This is surprising, as MILES is not expected to accurately predict the blade boundary layer. An inspection of the pressure and viscous components shows that C T is primarily (about 98-99%) due to the surface pressure distribution. However, both viscous and pressure components affect the power predictions. The former is about one-third of the latter and reduces the power production. The differences in C P predictions, either between the solvers or turbulence models, is due to the pressure component.
Results show C P,F ∼ 0.1 for both solvers and turbulence model. Wilson et al. [48] evaluated viscous correction for wind turbine for power production by comparing potential flow predictions and experimental data. The study showed that varied from C P,F ∼ 0.1 to 0.2. The present results show a similar range. On the other hand, a recent study using the boundary element method by Salvatore et al. [49] reported that viscous forces significantly affect TST performance characteristics for λ < 3, i.e., when the flow encounters massive flow separation and stall, but does not show significant effects for λ ≥ 5. Mason-Jones et al. [8] analyzed the experimentally measured performance characteristics of model (D = 0.5 m) and full-scale (D = 10 m and 30 m) TSTs for which the Re D varied from 3 × 10 4 to 10 7 . The analysis of the full-scale experimental data (Re D = 3 × 10 6 to 10 7 ) showed that TST performance is Re independent for the entire λ range (0-7.4), whereas the peak performance characteristics (at λ = 3.64) achieved Re independence only above a critical Re D,c > 3 × 10 5 . This suggests that changes in viscous stress for Re > Re D,c are negligible.
The distributions of pressure and shear stress (τ w ) magnitude on the blade surface are analyzed to understand their roles in thrust and power prediction. Contours of pressure coefficient and τ w normalized by 1/2ρU 2 0 are shown in Figure 5 , and their profiles at selected cross-section (normalized by relative velocity) are shown in Figure 6 . Only URANS results are shown in Figure 5 but results from both solvers and turbulence models are shown in Figure 6 . Results show high pressure on the leading edge of the entire blade due to flow stagnation. For the top 1/3 rd of the blade, higher pressure is observed towards the windward face trailing edge, and lower pressure is observed towards the leeward face in between the leading edge and the mid-chord. As shown in Figure 6 , the leeward face shows higher pressure than the windward face for 80% of the chord length starting from 20% aft of the leading edge, and the differences in the windward and leeward face pressures increase from the root to the tip. The results are very similar for both solvers and turbulence models at y/D = 0.16 and 0.25 but show difference towards the tip. These pressure differences induce lift on the blade, which contributes to both power production and thrust. As demonstrated in Figure 5c , the lift contribution to the power production decreases from root to tip due to the twist of the blade, and an opposite behavior is expected for their thrust contribution. For example, the cross-section towards the tip of the blade is almost aligned with the rotation plane, thus lift contributes mainly to the thrust. Also, taking into consideration that the chord length decreases from root to tip, it can be concluded that most of the power is generated due to the pressure differences in the windward and leeward faces near the mid-span of the blade. The pressure differences between the leading and trailing edges of the blades produces drag on the blade. However, this component is expected to be small considering that the airfoil is a slender body. Table 1 . Summary of thrust and power coefficient, including contributions from pressure and viscous components, power unsteadiness, and wake recovery characteristics and prediction errors. The surface shear stress distribution shows high values on top outboard portion of the blade on both the windward and leeward faces. As shown in Figure 6 , the stresses on the leeward (high speed) side is consistently higher than those on the windward (low speed) side. Shear stresses act opposite to the flow direction and thus result in drag, which results in either thrust or power reduction. Considering that high stresses occur towards the tip, where the drag contributes primarily to power loss and the moment arm is large; they are expected to affect C P more than C T as obtained above. The URANS and IDDES models show similar predictions for both solvers but significant differences are observed between the solvers, mostly towards the blade tip.
In summary, the present study shows that power production is primarily due to lift caused by pressure differences on windward and leeward blade surfaces near the mid-span of the blade. Shear stresses generated on the leeward (high speed) side of the blade tips have significant contribution to power loss; thus, C P for the present flow condition, where λ~1.7λ P , is not expected to be Re independent. This aspect needs to be further investigated including simulations for λ values corresponding to peak power production. Furthermore, the differences between the turbulence models and solvers (which use different y + ) suggest that the boundary layer and surface pressure distribution predictions are correlated. Future simulations should be performed near-wall grid resolution of y +~1 to avoid numerical uncertainties due to boundary layer resolution issues. The surface shear stress distribution shows high values on top outboard portion of the blade on both the windward and leeward faces. As shown in Figure 6 , the stresses on the leeward (high speed) side is consistently higher than those on the windward (low speed) side. Shear stresses act opposite to the flow direction and thus result in drag, which results in either thrust or power reduction. Considering that high stresses occur towards the tip, where the drag contributes primarily to power loss and the moment arm is large; they are expected to affect CP more than CT as obtained above. The URANS and IDDES models show similar predictions for both solvers but significant differences are observed between the solvers, mostly towards the blade tip.
In summary, the present study shows that power production is primarily due to lift caused by pressure differences on windward and leeward blade surfaces near the mid-span of the blade. Shear stresses generated on the leeward (high speed) side of the blade tips have significant contribution to power loss; thus, CP for the present flow condition, where λ ~ 1.7λP, is not expected to be Re Figure 7 shows the temporal evolution of C P and its fast Fourier transform predicted using different turbulence model for TST w/and w/o stanchion. For the TST w/o stanchion, C T and C P time histories predicted by URANS and IDDES show steady values. MILES predicts unsteady values with fluctuation amplitudes that are~3% of the mean; however, the fluctuations do not have a dominant frequency. The TST w/stanchion shows unsteady C T and C P for all turbulence models. For URANS and IDDES, the unsteadiness is primarily large-scale with a single dominant frequency f = 10 Hz and amplitude of approximately 1.2% of the mean. MILES predictions show large fluctuation with a wide spectral content. The dominant peak frequency is f~10 Hz, i.e., the same as the URANS and IDDES predictions, and peak amplitudes is~2.5% of the mean. The dominant frequency is close to N B × ω 0 /2π, where N B is the number of blades; thus, the unsteady behavior is attributed to the disruption of the flow each time a blade passes in front of the stanchion. Such blade-tower interaction is well documented in the literature [18, 50] .
amplitude of approximately 1.2% of the mean. MILES predictions show large fluctuation with a wide spectral content. The dominant peak frequency is f ~10 Hz, i.e., the same as the URANS and IDDES predictions, and peak amplitudes is ~2.5% of the mean. The dominant frequency is close to NB × ω0/2π, where NB is the number of blades; thus, the unsteady behavior is attributed to the disruption of the flow each time a blade passes in front of the stanchion. Such blade-tower interaction is well documented in the literature [18, 50] . 
Mean and Turbulent Wake Validation
The mean streamwise velocity contours observed in the experiment in the y/D = 0 and y/D = 0.5 planes are shown in Figure 8a . The wake deficit (1-u/U0) profiles in the y/D = 0 plane are also shown in Figure 8e . The data shows that in the y/D = 0 plane, the peak mean wake deficit is 71%U0 at z/D ~± 0.47, which is directly downstream of the blade tips. The deficit peak moves towards the axis and reaches the center by x/D = 5.5 to 6, where the deficit is approximately 16%U0. The deficit contours in the planes at y/D = ± 0.25 are qualitatively similar to those in the plane at y/D = 0 except that the peak occurs at z/D ~± 0.32, slightly inward of the tip location on the plane at z/D ~± 0.43. The mean deficit behind the blade tips in the planes at y/D = ± 0.5 show a peak value around z/D~0, which decreases gradually in the downstream direction. The stanchion side planes at y/D = 0.25 and 0.5 show 2% and 6% higher deficits throughout the intermediate wake, respectively, compared to those in the center plane at y/D = 0. On the other hand, the non-stanchion side planes at y/D = −0.25 and −0.5 show 5% and 14% lower wake deficits, respectively.
Instantaneous vortical structures obtained in the IDDES solutions are shown in Figure 9a ,b. Results show the generation of tip vortices, which are torus-shaped vortex, these vortices rotate around the turbine axis and are advected downstream. The vortical structures grow in diameter slowly as they advance in the streamwise direction. Note that the tip vortex ring is not visible once it interacts with the stanchion. However, its effect is evident in the transverse wake velocity distribution in Figure 9e , which shows alternate positive and negative values due to the passage of the tip vortices (which have counterclockwise vorticity ωz). Notice that the transverse velocity shows that the large- 
The mean streamwise velocity contours observed in the experiment in the y/D = 0 and y/D = 0.5 planes are shown in Figure 8a . The wake deficit (1-u/U 0 ) profiles in the y/D = 0 plane are also shown in Figure 8e . The data shows that in the y/D = 0 plane, the peak mean wake deficit is 71%U 0 at z/D ± 0.47, which is directly downstream of the blade tips. The deficit peak moves towards the axis and reaches the center by x/D = 5.5 to 6, where the deficit is approximately 16%U 0 . The deficit contours in the planes at y/D = ± 0.25 are qualitatively similar to those in the plane at y/D = 0 except that the peak occurs at z/D~± 0.32, slightly inward of the tip location on the plane at z/D~± 0.43. The mean deficit behind the blade tips in the planes at y/D = ± 0.5 show a peak value around z/D~0, which decreases gradually in the downstream direction. The stanchion side planes at y/D = 0.25 and 0.5 show 2% and 6% higher deficits throughout the intermediate wake, respectively, compared to those in the center plane at y/D = 0. On the other hand, the non-stanchion side planes at y/D = −0.25 and −0.5 show 5% and 14% lower wake deficits, respectively.
Instantaneous vortical structures obtained in the IDDES solutions are shown in Figure 9a ,b. Results show the generation of tip vortices, which are torus-shaped vortex, these vortices rotate around the turbine axis and are advected downstream. The vortical structures grow in diameter slowly as they advance in the streamwise direction. Note that the tip vortex ring is not visible once it interacts with the stanchion. However, its effect is evident in the transverse wake velocity distribution in Figure 9e , which shows alternate positive and negative values due to the passage of the tip vortices (which have counterclockwise vorticity ω z ). Notice that the transverse velocity shows that the large-scale structures grow (in both size and strength) in the far wake region. The growth of the structures is expected due to diffusion of the vortices, but the strengthening is probably due to the underprediction of turbulence as discussed below. The tip vortices show a spacing of 0.22 D in the wake as shown in Figure 9c . The vortex ring spacing is 25% lower than 2πU 0 /(N B ω 0 ) = 0.29, i.e., the vortex ring is advected at a slower velocity than the free-stream velocity. This is expected as the flow velocity behind the turbine is slower than the undisturbed upstream flow. The predictions also show spiral vortex rings emerging from the root of the blades. The root vortices show strong interaction with the turbine-shaft boundary layer and the flow separation behind the shaft. The vortex ring shrinks in diameter and dissipates much quicker than the tip vortices. The velocity deficit behind the blade is primarily caused by the spiral vortex ring emerging from the blade tips. As shown in Figure 9d , the peak deficit region grows downstream primarily towards the turbine axis, and eventually merges near the axis consistent with the experimental data. Note that the deficit recovery is faster above the turbine center-plane (y/D > 0) than below the center-plane (y/D < 0), because of additional turbulence generated from the stanchion.
with the turbine-shaft boundary layer and the flow separation behind the shaft. The vortex ring shrinks in diameter and dissipates much quicker than the tip vortices. The velocity deficit behind the blade is primarily caused by the spiral vortex ring emerging from the blade tips. As shown in Figure  9d , the peak deficit region grows downstream primarily towards the turbine axis, and eventually merges near the axis consistent with the experimental data. Note that the deficit recovery is faster above the turbine center-plane (y/D > 0) than below the center-plane (y/D < 0), because of additional turbulence generated from the stanchion. The trajectory of the peak wake deficit location in the plane at y/D = 0 is shown in Figure 10a . Experiments show that the peak deficit moves inward towards the turbine axis steadily up to x/D ≤ 4 followed by a rapid inward shift further downstream. CFD predicts that the peak deficit moves towards the axis steadily and reaches the axis around x/D = 8. The CFD predictions overall underpredict the wake diffusion towards the turbine axis for x/D > 4. OpenFOAM performs somewhat better than Ansys/Fluent, and for both solvers, URANS performs better than IDDES. 1 The experimental profiles were interpolated from the Tecplot contours plots provided by Professor Robert Poole. Thus, the symbols do not correspond the actual measurement locations. and 0.5 planes, respectively. (e) Wake deficit profiles 1 predicted in CFD simulations in y/D = 0 plane are compared with experimental data [2] . The trajectory of the peak wake deficit location in the plane at y/D = 0 is shown in Figure 10a . Experiments show that the peak deficit moves inward towards the turbine axis steadily up to x/D ≤ 4 followed by a rapid inward shift further downstream. CFD predicts that the peak deficit moves towards the axis steadily and reaches the axis around x/D = 8. The CFD predictions overall underpredict the wake diffusion towards the turbine axis for x/D > 4. OpenFOAM performs somewhat better than Ansys/Fluent, and for both solvers, URANS performs better than IDDES. The CFD wake deficit predictions are qualitatively consistent with the experimental data, as shown in Figure 8b -e. To quantitatively validate CFD predictions, the peak wake deficits in the planes at y/D = 0, ± 0.25 and ± 0.5 are compared with the experimental data in Figure 10 , and averaged errors over the entire intermediate plane and all the planes are summarized in Table 1 . The OpenFOAM wake deficit predictions compare within 10% of the experimental data, whereas the Ansys/Fluent predictions show an average error of 24%. The prediction errors are smaller on the stanchion side and larger on the non-stanchion side, e.g., the OpenFOAM predictions have averaged errors of E~12.2%, 10.1% and 8.2% for y/D = −0.5, 0, 0.5, respectively. Among the turbulence models URANS performs better than IDDES, e.g., the OpenFOAM predictions have averaged error of E~7.5% and 13% for URANS and IDDES, respectively.
The experimental data for mean transverse velocities (v) at y/D = 0 plane in Figure 11 shows negative and positive values for positive and negative z/D, respectively. The peak |v|~0.12U 0 is observed at x/D~1.5 and decreases downstream. The peak location shows asymmetry and the profile tends to shift towards the negative z/D direction. The transverse velocity on the stanchion side (y/D = 0.5) shows a minimum around z/D~0 with peak |v|~0.1U 0 whereas they do not show any well-defined structure on the non-stanchion side. CFD predictions show the negative and positive v contours consistent with the experiment. In the intermediate wake the tip vortices start to gradually lose their shape, the mixing between the free stream and core flow happens and the turbulence begins to decay much later. Analysis of the instantaneous solution shows that the antisymmetric velocity pattern is predicted due to the counterclockwise swirl imparted by clockwise rotating turbine in the wake. The peak |v| is obtained around z/D~0.3, which is in between the blade tip and the root. The transverse velocity profile in the wake are compared in Figure 11e . Note that the experimental data was shifted by z/D = 0.18 for x/D ≥ 3 to adjust for the asymmetry. The OpenFOAM predictions show much better agreement with the experimental data compared to Ansys/Fluent, and no significant difference were observed between URANS and IDDES predictions. In Ansys/Fluent simulations, the IDDES predictions were somewhat better than those of URANS, and MILES predictions were similar to those of IDDES.
The experimental data for mean spanwise velocity shows mostly small velocities with peak values |w|< 0.05U 0 (figure not shown). The spanwise velocity does not show any well-defined structure. The CFD predictions also show almost negligible spanwise velocity with |w| < 0.1 U 0 .
The intermediate wake TKE profiles predicted by the simulations at y/D = 0 plane is compared with experiment data in Figure 12 . The experimental data shows large TKE values close to the blade tips around z/D = 0.55 for x/D ≤ 2. The peak TKE moves slightly towards the axis, and an almost uniform TKE is observed at x/D = 4.5. The peak TKE value decreases with x/D, where the rate of decay is much higher close to the turbine. The data also shows high TKE towards the axis at x/D = 1.5, which decays rapidly and is not observed at x/D = 2.5. Although not shown here, the Reynolds stress invariant map in the intermediate wake region illustrates that the turbulence in the near wake tip-vortex region is strongly anisotropic and is primarily two-component turbulence, dominated by u' and w'. The turbulence is mostly isotropic in the intermediate wake, where u' account of is about 30-40% of the TKE. The simulations perform well and predict high TKE around z/D = 0, which is due to the flow separation from the hub. In the near wake (x/D ≤ 2.5) tip vortex region, OpenFOAM URANS performs the best among the simulations. IDDES underpredicts the high TKE in the tip vortex region, where LES is expected to be active. The resolved and modeled TKE components show that the resolved component is absent in the Ansys/Fluent simulations. In the OpenFOAM simulations, the resolved component dominates the modeled component in this region, but the TKE is significantly underpredicted when compared with the experimental data. In both solvers, resolved turbulent fluctuations are dominant for x/D ≥ 4. In this region, the OpenFOAM IDDES predictions are similar to those of URANS, and are lower than the experiments. The Ansys/Fluent IDDES predictions compare quite well with the experimental data for x/D ≥ 5.5. errors over the entire intermediate plane and all the planes are summarized in Table 1 . The OpenFOAM wake deficit predictions compare within 10% of the experimental data, whereas the Ansys/Fluent predictions show an average error of 24%. The prediction errors are smaller on the stanchion side and larger on the non-stanchion side, e.g., the OpenFOAM predictions have averaged errors of E~12.2%, 10.1% and 8.2% for y/D = −0.5, 0, 0.5, respectively. Among the turbulence models URANS performs better than IDDES, e.g., the OpenFOAM predictions have averaged error of E ~7.5% and 13% for URANS and IDDES, respectively. The experimental data for mean transverse velocities (v) at y/D = 0 plane in Figure 11 shows negative and positive values for positive and negative z/D, respectively. The peak |v|~ 0.12U0 is observed at x/D ~1.5 and decreases downstream. The peak location shows asymmetry and the profile tends to shift towards the negative z/D direction. The transverse velocity on the stanchion side (y/D = 0.5) shows a minimum around z/D ~ 0 with peak |v|~ 0.1U0 whereas they do not show any welldefined structure on the non-stanchion side. CFD predictions show the negative and positive v contours consistent with the experiment. In the intermediate wake the tip vortices start to gradually lose their shape, the mixing between the free stream and core flow happens and the turbulence begins to decay much later. Analysis of the instantaneous solution shows that the antisymmetric velocity pattern is predicted due to the counterclockwise swirl imparted by clockwise rotating turbine in the wake. The peak |v| is obtained around z/D ~ 0.3, which is in between the blade tip and the root. The transverse velocity profile in the wake are compared in Figure 11e . Note that the experimental data was shifted by z/D = 0.18 for x/D ≥ 3 to adjust for the asymmetry. The OpenFOAM predictions show much better agreement with the experimental data compared to Ansys/Fluent, and no significant difference were observed between URANS and IDDES predictions. In Ansys/Fluent simulations, the IDDES predictions were somewhat better than those of URANS, and MILES predictions were similar wake. The peak |v| is obtained around z/D ~ 0.3, which is in between the blade tip and the root. The transverse velocity profile in the wake are compared in Figure 11e . Note that the experimental data was shifted by z/D = 0.18 for x/D ≥ 3 to adjust for the asymmetry. The OpenFOAM predictions show much better agreement with the experimental data compared to Ansys/Fluent, and no significant difference were observed between URANS and IDDES predictions. In Ansys/Fluent simulations, the IDDES predictions were somewhat better than those of URANS, and MILES predictions were similar to those of IDDES. The experimental data for mean spanwise velocity shows mostly small velocities with peak values |w|< 0.05U0 (figure not shown). The spanwise velocity does not show any well-defined structure. The CFD predictions also show almost negligible spanwise velocity with |w| < 0.1 U0.
The intermediate wake TKE profiles predicted by the simulations at y/D = 0 plane is compared with experiment data in Figure 12 . The experimental data shows large TKE values close to the blade tips around z/D = 0.55 for x/D ≤ 2. The peak TKE moves slightly towards the axis, and an almost uniform TKE is observed at x/D = 4.5. The peak TKE value decreases with x/D, where the rate of decay is much higher close to the turbine. The data also shows high TKE towards the axis at x/D = 1.5, which decays rapidly and is not observed at x/D = 2.5. Although not shown here, the Reynolds stress invariant map in the intermediate wake region illustrates that the turbulence in the near wake tipvortex region is strongly anisotropic and is primarily two-component turbulence, dominated by u' and w'. The turbulence is mostly isotropic in the intermediate wake, where u' account of is about 30-40% of the TKE. The simulations perform well and predict high TKE around z/D = 0, which is due to the flow separation from the hub. In the near wake (x/D ≤ 2.5) tip vortex region, OpenFOAM URANS performs the best among the simulations. IDDES underpredicts the high TKE in the tip vortex region, where LES is expected to be active. The resolved and modeled TKE components show that the resolved component is absent in the Ansys/Fluent simulations. In the OpenFOAM simulations, the resolved component dominates the modeled component in this region, but the TKE is significantly underpredicted when compared with the experimental data. In both solvers, resolved turbulent 
Far Wake Prediction
The far wake profiles in the plane at y/D = 0 and streamwise locations x/D = 8 to 20 predicted for λ = 3.64 (taken from Salunkhe [39] ) and λ = 6.15 were analyzed to evaluate the far-wake recovery characteristics and are shown in Figure 13 . The amplitude in the figure is the normalized wake deficit δU = (1 − u)/(1 − u z=0 ), where u z=0 is the streamwise velocity at centerline z = 0. The half-wake width (δ H ) was obtained by normalizing the abscissa using the z/D width of the deficit profile at 0.75 δU, i.e., δ H = ± 0.25 occurs at 0.75 δU. Results for both λ values show very good self-similarity and compare well with a Gaussian distribution. Both the wake deficit amplitude and width show a linear variation with x/D, and their slopes are very similar for both values of λ. The averaged wake growth and amplitude decay rates are approximately 0.03 D and 0.0185 U 0 /D respectively. Bastankhan and Porte-Agel [51] analyzed high resolution measurements and LES results wind turbines and reported that the wake growth rate lies within the range 0.023 to 0.055 D. The present results lie within this range.
power production) and the stanchion. The wake deficit is related to the power production, i.e., the higher the power production, the higher the wake deficit. The rate of deficit recovery is found to be independent of power production (or λ); thus, the recovery length is directly related to the power production. The stanchion induces additional turbulence, which enhances the diffusion of the peak wake deficit towards the axis resulting in faster wake recovery. The far-wake starts at x/D = 8, and the wake deficit shows self-similarity with a Gaussian deficit profile. The wake recovery is found to be independent of both power production and the stanchion. 
Conclusions and Future Work
Simulations were performed for a model-scale tidal stream turbine for λ = 6.15, which is 1.7 times higher than the value of λ needed for peak power production, using Ansys/Fluent and OpenFOAM 
Discussions: Wake Recovery Mechanism
A synthesis of the CFD predictions (including those presented in Salunkhe [39] ) and experimental data reveals that the near wake region is dominated by large-scale vortical structures generated from the tip of the turbine blades. The tip vortices produce an annular inverted jet with two shear layers, one developing inward towards the turbine axis and other developing outward of the blade tip region. The outer shear layer growth is primarily due to inflow turbulence, while the inner shear layer growth is due to turbulence generated by the turbine. Turbulence generated by the turbine consists of two-component, streamwise and cross-flow fluctuations, and the latter is primarily responsible for wake diffusion towards the center. The turbulence slowly evolves into 3D isotropic turbulence in the far-wake but is highly anisotropic in the intermediate wake region.
The near wake and intermediate wake recovery are significantly affected by the value of λ (or power production) and the stanchion. The wake deficit is related to the power production, i.e., the higher the power production, the higher the wake deficit. The rate of deficit recovery is found to be independent of power production (or λ); thus, the recovery length is directly related to the power production. The stanchion induces additional turbulence, which enhances the diffusion of the peak wake deficit towards the axis resulting in faster wake recovery. The far-wake starts at x/D = 8, and the wake deficit shows self-similarity with a Gaussian deficit profile. The wake recovery is found to be independent of both power production and the stanchion.
Conclusions and Future Work
Simulations were performed for a model-scale tidal stream turbine for λ = 6.15, which is 1.7 times higher than the value of λ needed for peak power production, using Ansys/Fluent and OpenFOAM with URANS and IDDES turbulence models on manually refined and solution-adapted grids consisting of up to 11 M cells. The turbine performance and intermediate wake predictions are validated using experimental data and results are analyzed to develop an understanding of the wake recovery mechanism.
The solvers provided mixed results, both under-and over-predictions for thrust and power, with the errors being limited to around 10%. The thrust predictions were dominated by the pressure distribution on the blades and were found to be scale independent. The power production was primarily due to pressure generated lift near the mid-span of the blade. The shear stress is generated mostly on the leeward (high speed) side of the blade tips and results in around a 30% power reduction.
Thus, turbulence models and near-wall grid resolution on the blades are important for accurate power prediction, especially for operations at off-design conditions.
The flow in the near wake region (x/D < 2) is predicted well, however the turbulent kinetic energy is significantly underpredicted. In this region, OpenFOAM performs better than Ansys/Fluent, and URANS better than IDDES. IDDES fails to trigger resolved turbulence due to the modeled stress depletion issue, which has been well documented in the literature for both canonical cases [52] and engineering applications [53] . The wake growth in the intermediate wake region (i.e., up to x/D = 4) is underpredicted by both URANS and IDDES. In the former, the underprediction is likely due to their inability to predict turbulence anisotropy, and for the latter it is due to lack of resolved turbulence. Further downstream (i.e., x/D > 4), IDDES predicts resolved turbulence and performs better than URANS for both the mean wake and turbulent kinetic energy predictions.
Overall, the predictions reported in this study are reasonable, but can be significantly improved. The study shows that fine grid resolutions are essential for accurate prediction of large-scale vortical structures in the near wake region, and accurate turbulence predictions are essential for improved intermediate wake predictions which involve anisotropic turbulence in the tip-vortex shear layer. Hybrid RANS/LES models are preferable over URANS, as they rely less on modeling. Most commonly used DES models (and its variants) suffer from modeled stress depletion issue; thus, other advanced models such as dynamic hybrid RANS/LES [52] should be investigated. The errors in the predictions could also be due to neglect of free-surface effects and will be investigated in future studies. The differences in the boundaries in the transverse direction (i.e., free-surface on the top and wall on the bottom) can result in flow asymmetry in the transverse direction, and perhaps also in the spanwise and streamwise directions [54] . However, the experimental data shows significant, unanticipated flow asymmetry in the spanwise direction, which could explain some of the observed differences between the experimental data and predicted results. Furthermore, the experiments were performed in a flume with blockage ratio of approximately 16%. The performance curve and wake are expected to be significantly different from full-scale applications. An experimental campaign is underway to obtain additional wake validation data in a wave basin. Future study will also focus on investigation of the effects of TI, λ and Re on the wake recovery. For the former, simulations should focus on specification of inflow turbulence anisotropy consistent with the experiments, and the grid should be designed such that specified inlet turbulence is advected accurately up to the turbine. 
